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An important step in early embryonic development is
the allocation and segregation of germ layer fates
into distinct embryonic regions. However, the mech-
anism that segregates the mesendoderm into meso-
derm and endoderm fates remains largely unknown
in most animals. Here, using ascidians, a primitive
chordate, we show that these fates are segregated
by partitioning of asymmetrically localized Not
mRNA from themesendoderm cell to its mesodermal
daughter. Migration of the mesendoderm cell
nucleus to the future mesoderm-forming region,
release of Not mRNA from the nucleus, Wnt5a-
dependent local retention of the mRNA, and subse-
quent repositioning of the mitotic spindle to the
center of the cell are each required for the asym-
metric localization and partitioning of Not mRNA.
Our results show that nuclear migration plays an
unexpected role in asymmetric cell divisions that
segregate germ layer fates in chordate embryos.
INTRODUCTION
Early in embryonic development, the three germ layer fates are
allocated and segregated into distinct embryonic regions.
Recent analyses have revealed that mesoderm and endoderm
arise from mesendoderm cells, and have identified early regula-
tors of mesoderm and endoderm differentiation through studies
using embryos and embryonic stem cells (Kimelman and Griffin,
2000; Rodaway and Patient, 2001; Smith et al., 2007; Tada et al.,
2005). However, our knowledge of mechanisms that restricts the
expression of these early fate determinants and segregates the
germ layer fates is limited in most animals, especially in chor-
dates (Kimelman and Griffin, 2000; Rodaway and Patient,
2001). To resolve this issue, we began analyzing the mechanism
of germ layer fate segregation in ascidians. Ascidians, one of the
living sister groups closest to vertebrates (Delsuc et al., 2006),
are sessile marine chordates whose tadpole larvae display
a chordate body plan (Lemaire et al., 2008). The hallmark of
ascidian embryogenesis, invariant and well documented cell
lineages, has been advantageous for studying the mechanismDevelopmof fate segregation at the single-cell resolution (Kumano and
Nishida, 2007). In embryos of Halocynthia roretzi, three pairs of
vegetal cells at the 16-cell stage (A5.1, A5.2, and B5.1;
Figure 1A) are mesendoderm cells (Conklin, 1905; Kumano and
Nishida, 2007), and these cells divide asymmetrically to give
rise to mesoderm (A6.2, A6.4, and B6.2) in the marginal zone
and endoderm (A6.1, A6.3, and B6.1) in the region of the vegetal
pole (Figure 1A). After cell division, at the 32-cell stage, transcrip-
tion of two genes, Hr-Zic and Hr-Lhx3, is initiated in mesoderm
and endoderm cells, respectively (Figures 1B and 1C) (Wada
et al., 1995; Wada and Saiga, 2002). These genes are expressed
downstream of maternal b-catenin whose nuclear localization is
required for mesoderm and endoderm fates (Figure 1B). Zic is
a zinc finger transcription factor required for determination of
mesoderm fate and suppression of endoderm fate (Kumano
et al., 2006; Wada and Saiga, 2002). Lhx3 is a LIM-class
homeobox gene that is required and sufficient for endoderm
fate in Ciona savignyi, a Cionidae ascidian (Satou et al., 2001).
We found that Lhx3 is required and sufficient for suppression
of mesoderm fate as well as determination of endoderm fate in
Halocynthia roretzi (see Figures S1A and S1B available online).
These results show that the mechanisms that promote and
restrict the expression of Zic and Lhx3 to the two distinct germ
layers are central to the mechanism of fate segregation. In this
study, we investigated the mechanism that regulates Zic and
Lhx3 expression and found that asymmetric partitioning of
mRNA encoding a transcription factor separates the mesoderm
and endoderm fates. We also show that migration of the mesen-
doderm cell nucleus plays an important role in localizing this
mRNA to the future mesoderm cell region before cell division.RESULTS
A Homeobox Transcription Factor, Not, Promotes
Mesoderm Fate and Suppresses Endoderm Fates
We searched for genes that restrict the expression of Zic and
Lhx3 using antisensemorpholino oligos (MO) designed to specif-
ically suppress the translation of candidate genes. The specificity
of all the MOs used in this study was confirmed by rescue exper-
iments or using twodifferentMOswith different target sequences
(Figure S1; data not shown). Knockdown of the functions of Not,
a homeodomain transcription factor homologous to Xenopus
Xnot1/2, zebrafish floating head, and Chick CNOT1/2 (Utsumi
et al., 2004), by injection of MOs (NotMO1 or NotMO4) intoental Cell 19, 589–598, October 19, 2010 ª2010 Elsevier Inc. 589
Figure 1. Hr-Not Suppresses Endoderm and
Promotes Mesoderm Fates
(A) Schematic representation of fate segregation from the
16- to 32-cell stage in the ascidian, Halocynthia roretzi.
Names of the blastomeres are indicated. Throughout this
figure, embryos and diagrams are shown as vegetal views
with anterior to the top. Mesendoderm (orange) cells give
rise to mesoderm (yellow) and endoderm (red) cells. Bars
connecting theblastomeres indicate thecells aresistercells.
(B) Previously known mechanism of mesoderm and endo-
derm fate specification. Cells expressing Zic and Lhx3 are
shown in yellow and red, respectively.
(C and D) Confocal Z-stack fluorescence image showing
Lhx3 and Zic mRNA in 32-cell stage embryos injected
with Not MO or mRNA encoding Not. Transcripts and
nuclei are shown in red and green pseudocolor, respec-
tively. The arrowheads indicate mesoderm cells in (C)
and endoderm cells in (D) and show ectopic expression
of Lhx3 or lack of expression of Zic in mesoderm cells in
(C) and lack of Lhx3 or ectopic expression of Zic in endo-
derm in (D). The ectopic expression of Zic mRNA in (D) is
shown with a pink arrowhead.
(E) Effects of knockdown of Not. Expression of tissue
differentiation marker in larva that were cleavage arrested
from the 64-cell stage onward. Endoderm-specific alka-
line phosphatase activity is shown by red staining. Noto-
chord-specific Not-1 antigen is shown green.
(F) Schematic diagram showing the summary of the
results in (E).
(G) Effects of overexpression of Not. Expression of tissue
differentiationmarkers in larva that were cleavage arrested
from the 64-cell stage onward. Endoderm-specific alkaline
phosphatase activity is shown by red staining. Numbers at
the bottom right of the panels indicate the numbers of
embryos that showed gene or marker expression in the
cells marked with arrowheads out of the number of
embryos examined. Scale bar represents 100 mm.
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Zic expression in mesoderm cells (white arrowhead, Figure 1C).
In contrast, injection of synthetic Not mRNA resulted in loss of
expression of Lhx3 in every case, and in ectopic expression of
Zic in the endoderm to a lesser extent (Figure 1D). We confirmed
thatNot regulatesmesodermandendoderm fates: knockdownof590 Developmental Cell 19, 589–598, October 19, 2010 ª2010 Elsevier Inc.Not resulted in ectopic expression of endoderm
and loss of mesoderm differentiation markers
(endoderm-specific alkaline phosphatase and
the notochord-specific antigen, respectively) in
mesoderm cells of the larva (Figures 1E and
1F), and in contrast, injection of Not mRNA led
to loss of endoderm differentiation marker
expression (Figure 1G). These results demon-
strate that Not is required and alone sufficient
to suppress endoderm fate and is required for
specification of mesoderm fates.
Asymmetric Partitioning of Not mRNA
Segregates Mesoderm and Endoderm
Fates
It was reported in previous studies that, in
ascidian and vertebrate embryos, Not mRNA
is first detected in mesendoderm and then inmesoderm (Stein and Kessel, 1995; Talbot et al., 1995; von
Dassow et al., 1993). We investigated how this pattern arises
andwhether it is related to the segregation of the fates. The intra-
cellular distribution and timing of transcription of Not mRNA in
mesendoderm cells were examined by fluorescence in situ
hybridization. Embryos were fixed at different time after the
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start of the 16-cell stage (200 after the formation of the cleavage
furrow at 8-cell stage), NotmRNA is detected in the nucleus that
is positioned close to the previous cell division plane (Figure 2A;
Figure S2B). At 400, Not mRNA and nucleus is positioned more
anterior, in the future mesoderm-forming side (mes pole,
Figure 2A). At 500 the nucleus is at the future mesoderm-forming
pole of the mesendoderm cell, and NotmRNA is detected in the
nucleus and the surrounding cytoplasm. At 550, the chromo-
somes are condensed to the metaphase plane, and Not mRNA
is detected further anterior to the chromosomes (Figure 2A).
From 600 to 650, the mitotic spindle and chromosomes, but not
NotmRNA, repositions to the center of the cell. At 700, themitotic
spindle is aligned parallel to the mesoderm-endoderm axis (see
tubulin staining in Figure S2C), and the chromosomes begin to
separate (Figure 2A). Finally, Not mRNA is asymmetrically parti-
tioned to the mesoderm daughter cell through cytokinesis (1000,
Figure 2A). During the 32-cell stage, Not mRNA is detected in
mesoderm cells, but not in their nuclei (Figure 2B). These results
suggest that Not mRNA is asymmetrically partitioned and Not
mRNA detected in mesoderm cells derive solely from the parti-
tioned mRNA. We tested whether asymmetric partitioning of
Not mRNA is involved in fate segregation by knocking down
the function of Not in mesoderm cells (Figure 3A). Injection of
Not MO into mesoderm cell A6.2 resulted in loss of Zic expres-
sion and ectopic expression of Lhx3 in the injected cell at the
32-cell stage (Figure 3B), and the cell adopted an endoderm
fate and lost its mesoderm fate (Figures 3C and 3D). In contrast,
injection of syntheticNotmRNA into endoderm cell A6.1 resulted
in loss of Lhx3 expression and ectopic expression of Zic in the
cell (Figures 3E and 3F). These results strongly suggest that
asymmetric partitioning of Not mRNA segregates mesoderm
and endoderm fates.
Wnt5a is Required for the Local Retention of Not mRNA
and Mitochondria
To understand the mechanism behind the asymmetric partition-
ing, we searched for genes that are required for the asymmetric
partitioning ofNotmRNA.We found that injection ofMOs against
maternally supplied Hr-Wnt5amRNA results in NotmRNA being
partitioned to bothmesoderm and endoderm (Figure 4A). MO-in-
jected embryos expressed neither Zic nor Lhx3 at the 32-cell
stage (Figure 4B). The expression of endoderm marker
(Figure 4C) and mesoderm marker, Not-1 antigen, (Nakamura
et al., 2006; data not shown) at the larval stage was also lost.
One possible reason for the loss of Zic mRNA expression and
mesoderm formation is that the amount of Not mRNA that
were evenly partitioned into the two daughters cells was smaller
than that in normal mesoderm cells and was not enough to
promote mesoderm fate in each cell.
To examine whetherWnt5a-dependent partitioning is involved
in fate segregation, we inhibited the function ofNot that had been
inappropriately partitioned into endoderm cells by coinjection of
Not MO into Wnt5a MO-injected embryos. Endoderm marker
expression was rescued in these coinjected embryos, support-
ing the contention that Wnt5a segregates fates through proper
partitioning of Not mRNA (Figure 4C). Not mRNA partitioning
was not disturbed in embryos injectedwithMOagainst b-catenin
(data not shown), suggesting that the animal-vegetal axis that isDevelopmestablished by b-catenin signaling (Imai et al., 2000) is not
involved in asymmetric partitioning of Not mRNA.
We then examined which of the steps of asymmetric partition-
ing was disrupted. In Wnt5a-knockdown embryos, the nucleus
migrated to the mesoderm side and the chromosomes reposi-
tioned to the center (Figure 4D). NotmRNA was also detected in
the mesoderm side before metaphase, but in the center when
the spindle and chromosomes had returned to the center of the
cell, and in a much wider region after cell division (Figure 4D).
These results suggest that retention of mRNA in the mesoderm
side is disturbed in Wnt5a-knockdown embryos. Further support
for the importance ofWnt5a in this step of asymmetric partitioning
was obtained from observations of partitioning of mitochondria.
Live time-lapse video observations of mitochondria distribution
inmesendodermcells using DiOC2(3) revealed that themitochon-
dria are also preferentially partitioned to the mesoderm precursor
cell (Movies S1 and S2). When Wnt5a function was inhibited,
mitochondria initially migrated to the mesoderm side, but then
returned to the center of themesendodermcell, andwere eventu-
ally distributed tobothmesodermand endodermcells, similarly to
the distribution of NotmRNA in fixed samples. The mitochondria
and Not mRNA signals overlapped in fixed embryos, suggesting
that they were colocalized (Figure S2B).
Migration of the Nucleus Is Required for the Local
Deposition of NotmRNA
In ascidians, nuclearmigration can be inhibited by treatment with
nocodazol (1 mM), a microtubule-disrupting reagent (Nishikata
et al., 1999). Nocodazol treatment from 20 to 50 min after the
beginning of the 16-cell stage resulted in inhibition of nuclear
migration, and the nucleus was detected in the center of mesen-
doderm cells (Figure 5A; Figure S3A). Not mRNA was not deliv-
ered to the future mesoderm side and was detected in the
cytoplasm surrounding the displaced nucleus, thus uncoupling
the migration of the nucleus from the release of Not mRNA
from the nucleus. Treatment with nocodazol after nuclear migra-
tion (600–900) did not affect the localization of Not mRNA
(Figure S3A). Similar results were obtained with another microtu-
bule disrupting reagent, oryzalin (1 mM) (Figure 5A; Figure S3A).
These results suggest the importance of nuclear migration as
a first step for transport of Not mRNA.
Repositioning the Mitotic Spindle to the Center
of the Cell Is Required for the Asymmetric Partitioning
of NotmRNA
When embryos were treated with an inhibitor against JAK2,
a kinase involved in phosphorylation of tubulin (Ma and Sayeski,
2007) (AG490, 1 mM) from the 8-cell stage, the anterior migration
of the nucleus together with Not mRNA was not affected
(Figure 5B; Figure S3B). However, repositioning of the spindle
and chromosomes to the center of the cell was inhibited and
the cell divided unequally, with a relative shift to the mesoderm
pole, and Not mRNA was misdistributed to both daughter cells.
Similar results were observed when embryos were treated with
a JNK inhibitor from the 2-cell stage (SP600125, 100 nM; Fig-
ure 5B; Figure S3B), suggesting that repositioning of the mitotic
spindle to the center, and the consequent positioning of the cell
division plane, are also important for the asymmetric partitioning
of Not mRNA.ental Cell 19, 589–598, October 19, 2010 ª2010 Elsevier Inc. 591
Figure 2. Not mRNA Is Asymmetrically Partitioned to Mesoderm
Confocal Z-stack fluorescence image showing NotmRNA detected by in situ hybridization. NotmRNA and nucleus signals are shown in red and green pseudo-
color, respectively. Dashed white lines demarcate mesendoderm cells and their daughter cells. White arrowhead indicates the plane of the previous cell division.
Magenta arrowheads designate the metaphase or anaphase chromosomes. The numbers above the panels represent the time elapsed after the onset of the
fourth cleavage.
(A) Close-up of the mesendoderm blastomere A5.1. Vegetal views and side views. Anterior is to the left. Images of the whole embryo are shown in Figure S2B.
(B) Vegetal view of whole embryos up to the late 32-cell stage.
Anterior to the top. A, anterior; P, posterior; ani, animal; veg, vegetal; mes, mesoderm; end, endoderm. More than eight embryoswere examined for each stage to
confirm the results. Scale bar represents 40 mm in (A) and 100 mm in (B).
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Figure 3. Asymmetric Partitioning of Not
mRNA Separates Mesoderm and Endoderm
Fates
(A) Schematic diagram showing the knockdown
strategy employed for examining the role of asym-
metric partitioning. The diagram shows an
ascidian embryo at the 24-cell stage, when the
vegetal, but not the animal, hemisphere cells
have divided. Not MO was injected into the A6.2
blastomere and the expression of Lhx3 or Zic
was examined at the 32-cell stage.
(B) Confocal Z-stack fluorescence image showing
expression of Lhx3 and Zic mRNA in embryos in-
jected with Not MO. Vegetal views of the embryos
are shown with the anterior at the top. A, anterior.
P, posterior. Lhx3mRNA and ZicmRNA are shown
in red pseudocolor. Nuclei are shown in green
pseudocolor. The white arrowheads indicate
mesoderm cell injected with MO.
(C) Expression of alkaline phosphatase and Noto-
chord-specific Not-1 antigen in cleavage-arrested
larvae. Arrowheads indicate injected cells.
(D) Summary of the results of (C).
(E) Schematic diagram showing the overexpres-
sion strategy employed for examining the role of
asymmetric partitioning. RNA encoding Not or
GFP were injected in A6.1 cell at 24-cell stage
and the expression of Lhx3 and Zicwere examined
at the 32-cell stage.
(F) Confocal Z-stack fluorescence image showing
the expression of Lhx3 and Zic mRNA in embryos
injected with Not RNA or GFP RNA as a control.
Lhx3mRNA and ZicmRNA are shown in red pseu-
docolor. Nuclei are shown in green pseudocolor.
The white arrowheads indicate injected cells and
show ectopic expression of Zic or lack of Lhx3
expression. Numbers at the bottom right of the
panels represent the numbers of embryos that
showed gene expression in the cells marked with
arrowheads among the total number of embryos
examined. Scale bar represents 100 mm.
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Figure 4. Role ofWnt5a in Asymmetric Par-
titioning of Not mRNA
(A) Distribution of Not mRNA in mesoderm and
endoderm cells injected with Wnt5aMO or control
MO. Animal pole is at the top.
(B) Expression of Lhx3 and Zic mRNA. In the
control embryo, the left half is a surface view,
and in the right half the focal plane is the equatorial
region.
(C) Activity of endoderm-specific alkaline phos-
phatase in larvae in which cleavage was arrested
from the 64-cell stage onward.
(D) Confocal Z-stack fluorescence image showing
the expression of Not mRNA in A5.1 and its
daughter cell. Side view: the Not mRNA signal
and nuclei are shown in red and green pseudo-
color, respectively. The numbers above the panels
represent the elapsed time (min) after the onset of
the fourth cleavage.
In (A) and (D), the numbers at the bottom of the
panels represent the number of embryos that
showed a Not mRNA distribution similar to those
shown in the photos among the total number of
embryos examined, and in (B) and (C), the number
of embryos that showed gene or marker expres-
sion among the total number of embryos exam-
ined. L, left; R, right; A, anterior; P, posterior; Alk.
Phos., alkaline phosphatase; ani, animal; veg,
vegetal; mes, mesoderm; end, endoderm. Scale
bar represents 40 mm in (A) and (D), and 100 mm
in (B) and (C).
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In conclusion, our results suggest that an unexpectedmechanism
of asymmetric cell division segregates germ layer fates in chor-
date embryos (Figure 6). In this mechanism the migration of the
nucleus is essential for the asymmetric localization of mRNA en-
coding a transcription factor that promotes mesoderm and
suppresses endoderm fates. The process of asymmetric parti-
tioning can be subdivided into four subprocesses: (1) Not mRNA
is transcribed as the nucleus migrates toward the mesoderm
pole; (2) NotmRNA is released from the nucleus to the cytoplasm
at the mesoderm pole; (3) Not mRNA remains there; and (4) the
spindle and metaphase chromosomes reposition to the center
of the cell, and subsequent cell division divides the cell into half.
This study reveals a role of nuclear migration in the asymmetric
localization and partitioning of mRNA during cell divisions. This
is reminiscent of the mechanism that localizes maternal Gurken
mRNA in Drosophila, in which the mRNA is released from eccen-
trically positioned oocyte nucleus (Saunders and Cohen, 1999).
The localization of mRNA by means of nuclear translocation
may be a conserved mechanism used in various embryos.594 Developmental Cell 19, 589–598, October 19, 2010 ª2010 Elseva
(F
b
e
m
v
p
m
n
A
p
u
w
iz
th
m
W
k
aier Inc.Future studies should be aimed at under-
standing the mechanism that regulate
each of these steps, and the mechanism
that determines the mesoderm and
endoderm poles within the mesendo-
derm cell. Nuclear migration in mesendo-
derm cell requires microtubules but
asymmetric organization of microtubuleslong the axis is not evident before nuclear migration
igure S2C, 200). The rate of microtubule turnover or microtu-
ule end anchoring may differ between mesoderm and
ndoderm sides, and may play roles in the polarized nuclear
igration.
Wnt signaling has been shown to be involved in polarization of
arious cells, but this study shows that Wnt signaling can
olarize cells by localizing mRNA. The polarized nuclear move-
ent in Wnt5a MO-injected embryos suggests that Wnt5a may
ot be required for the initial polarization of the mesendoderm.
n interesting result was that Wnt5a MO disrupted Not mRNA
artitioning only when it was injected in the fertilized egg as it
nderwent the first phase of ooplasmic movement. This is
hen Wnt5a mRNA is localized to the vegetal pole of the fertil-
ed egg (Sasakura et al., 1998). However, the significance of
e vegetal localization of Wnt5a mRNA in the retention of Not
RNA is not clear. It would be interesting to investigate whether
nt5a protein is localized to the vegetal pole.
Not mRNA seemed to colocalize with mitochondria, a well
nown site of mRNA localization (Gonsalvez et al., 2005; Kloc
nd Etkin, 2005). Not mRNA and mitochondria may form
Figure 5. Importance of Asymmetric Migration of the Nucleus and Repositioning of the Spindle and Metaphase Chromosomes for Asym-
metric Partitioning of Not mRNA
Confocal Z-stack fluorescence image showing the distribution ofNotmRNA in the A5.1 cell and its daughter cells detected by in situ hybridization. TheNotmRNA
signal and the nucleus are shown in red and green pseudocolor, respectively. Side views: anterior is at the left and animal pole at the top.
(A) The effects of treatment with microtubule disrupting reagents. Times of treatment and the reagents used are shown above the panels. Specimens were
observed at 50 min. Images of the whole embryo are shown in Figure S3A.
(B) The effects of treatment with inhibitors of JAK2 or JNK. Stage (min) of the observation and the reagents used are shown. Images of the whole embryo are
shown in Figure S3B.
Numbers at the bottom of each column indicate the numbers of embryos that showed distribution of NotmRNA and nucleus similar to those shown in the photo-
graphs out of the number of embryos examined. ani, animal; veg, vegetal; ant, anterior; pos, posterior. A, anterior. P, posterior. Scale bar represents 40 mm.
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Xcat2, and Xdazl mRNA localize in Xenopus (Heasman et al.,
1984). Observation at higher resolution is necessary to clarify
the colocalization of NotmRNA with mitochondria. Identification
of proteins that bind to Not mRNA should also be informative.
These analyses may also promote our understanding of how
Wnt5a mediates the retention of Not mRNA.
In this study, we showed how asymmetric partitioning of Not
mRNA regulates Lhx3 and Zic expression. Our results showDevelopmthat Not is required and sufficient to suppress endoderm fate
and required to specify mesoderm. At present, we do not
know whether Not is sufficient to specify mesoderm. Overex-
pression of Not leads to weak and occasional ectopic expres-
sion of Zic mRNA (Figures 1D and 3F) but not the Not-1 antigen
in endoderm cells (data not shown). This could be due to insuffi-
cient translation of Not protein from injected mRNA to promote
Zic gene expression, although the amount was sufficient to
suppress Lhx expression. On the other hand, endoderm cellsental Cell 19, 589–598, October 19, 2010 ª2010 Elsevier Inc. 595
Figure 6. Schematic Diagram of the Mechanism of NotmRNA Parti-
tioning and Fate Segregation
Not mRNA (blue) is transcribed in the nucleus (green) as it migrates to the
future mesoderm-forming side of mesendoderm cell. Then,NotmRNA is deliv-
ered from the nucleus to the future mesoderm cell cytoplasm at the transition
from interphase toM-phase.Wnt5a-dependent mechanism retainsNotmRNA
to themesoderm pole as themitotic spindle repositions to the center of the cell
and subsequent cell division partitions NotmRNA to the mesoderm precursor
cell. Dotted line indicates the plane of future cell division. Not mRNA is trans-
lated in the mesoderm cell and inhibits the endoderm fate and promotes the
mesoderm fate. Absence of Not in endoderm permits endoderm differentia-
tion. Nuc, nucleus; ani, animal; veg, vegetal; ant, anterior; pos, posterior;
Mesend, mesendoderm; Mes, mesoderm; End, endoderm.
Developmental Cell
Nuclear Migration Separates Germ Layer Fatesmay have additional mechanisms to prevent themselves from
becoming mesoderm.
Knockdown of Wnt5a resulted in the ectopic partitioning of
Not mRNA into the endoderm (Figure 4), but resulted in the
absence of Zic expression and mesoderm formation in both
daughter cells. The amount of evenly partitioned Not mRNA in
the two daughter cells was less than that in normal mesoderm
cells and may not have been enough to promote mesoderm
fate in each cell. In addition, the present and a previous study
has shown that injection of Wnt5a MO after the fist phase of
ooplasmic segregation (MO was injected during the first phase
in this study) disrupts the expression of the late differentiation
marker, Not-1 antigen (Nakamura et al., 2006), but does not
affect Not mRNA partitioning (data not shown). These results
suggest that, after the first phase of ooplasmic segregation,
Wnt5a has additional functions in notochord differentiation that
is independent from the regulation of Not mRNA partitioning.596 Developmental Cell 19, 589–598, October 19, 2010 ª2010 ElsevTherefore, the mesoderm differentiation marker should not be
observed in embryos injected with Wnt5a MO.
The roles and expression patterns of Lhx (Tam et al., 2004;
Wada et al., 1995) and Zic (Kumano et al., 2006; Merzdorf,
2007; Wada and Saiga, 2002) appear to be conserved among
chordates. The expression patterns of chordate Not are also
remarkably similar (Stein and Kessel, 1995; Talbot et al., 1995;
von Dassow et al., 1993). Therefore, the results of this study
may leadus to abetter understandingof themechanismofmeso-
derm and endoderm germ layer fate segregation in chordates.
EXPERIMENTAL PROCEDURES
Embryos
Naturally spawned eggs of Halocynthia roretzi were artificially fertilized and
reared in Millipore-filtered seawater (pore size, 0.22 mm) containing 50 mg/ml
streptomycin sulfate and 50 mg/ml kanamycin sulfate at 11C. Sixteen-cell
stage embryos were staged according to the methods described in Nishikata
et al. (1999). The formation of the cleavage furrow in the posterior vegetal cell,
B4.1, was used as a reference point (00). The elapsed time after formation of the
furrows is shown above the panels in the figures and supplemental figures.
Microinjection
Microinjection of MO and synthetic RNA was carried out as described previ-
ously (Kumano et al., 2006) with the exception of Wnt5a MOs, which were
injected during the first phase and before the initiation of the second phase
of ooplasmic movements at the 1-cell stage. This allowed us to observe the
functions of Wnt5a that were not observed in previous studies when MOs
were injected after the second phase of ooplasmic movement (Nakamura
et al., 2006). In our previous studies, we had shown that knockdown of
Wnt5a function by injection of MO leads to loss of mesoderm, but not endo-
derm marker expression at the larval stage (Nakamura et al., 2006). However,
when we injected MOs at earlier stages, during the first phase and before the
second phase of ooplasmic movement, we found that endoderm marker
expression was also lost (Figure 3C). This latter effect was due to the misdis-
tribution ofNotmRNA, as shown in our study. For injection into the A6.2 or A6.1
blastomeres, MOs were injected into respective blastomeres at the 24-cell
stage. At the 16-cell stage, there are eight cells in the animal hemisphere
and the same number of cells in the vegetal hemisphere. The cells of the
vegetal hemisphere divide before the cells of the animal hemisphere. When
this happens, there are 16 cells in the vegetal and 8 cells in the animal hemi-
sphere and thus the embryo has 24 cells. The 24-cell stage continues for
20 min, until the cells of the animal hemisphere divides and the embryo
enters the 32-cell stage. Synthetic RNAs were prepared as described previ-
ously (Kumano et al., 2006), from pBSRN3-Hr-Not, pBSRN3-Hr-Lhx3, and
pBSHTB-Hr-Wnt5a as templates. pBSRN3-Hr-Not and pBSRN3-Hr-Lhx3
were created by amplification of the coding regions of Hr-Not and Hr-Lhx3
by polymerase chain reaction and cloning them into pBSRN3. Sequences of
the primers were as follows: 50-TAGGGATCCATGAAGAATATAGACATGGT
CGGA-30 and 50-TAGGCGGCCGCTTAAAATGGCTGAACATGTTCCAA-30 for
Hr-Lhx3; 50-TAGCTGCAGATGATTTCTTACCGTCATCCTTT-30 and 50-TAGGC
GGCCGCTTACTCGTTGGCGACACCTT-30 for Hr-Not.
The previously reported sequence of Halocynthia roretzi Lhx3 had an error
near the 30 end of the coding region that caused a frameshift and truncation
of the predicted amino acid sequence. We amplified the correct and complete
coding region of Lhx3 from a new template cDNA that was cloned from 32-cell
stage RNA. The correct sequence of Lhx3 (D38572) has been reported by
Kobayashi et al. (2010). The construction of pBSHTB-Hr-Wnt5awas described
previously (Nakamura et al., 2006).
Sequences of the MOs were as follows:
Not MO1, 50-ATTTCTTACCGTCATCCGGGCCAAA-30; Not MO4, 50-TCATA
GTTCTTTGATTCGCTTCGAA-30; Wnt5a MO1, 50-ATTGTATTCTTGTCATTCC
GACCAT-30; Wnt5a MO2, 50-GTATTCTTGTCCATTCCGACCATTTC-30; and
Hr-Lhx3, 50-ATAAATCGACTTTAGGGAAGTTGTG-30.
The MO against Lhx3 was designed based on a recently reported transcrip-
tion initiation site of the zygotic transcript of Lhx3 (D38572; Kobayashi et al.,ier Inc.
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Nuclear Migration Separates Germ Layer Fates2010). The sequence for the control MO (CMO) has been described previously
(Kumano et al., 2006). The amounts of MOs injected into fertilized eggs were
1.5 ng for Not MO, Wnt5a MO, Lhx3 MO, or control MO. The amount of
MOs injected into A6.2 was 50 pg (0.05 ng). Specificity of Not MOs was
confirmed by rescue experiments using synthetic Not mRNA (Figure S1C).
Two MOs targeted against Not produced identical results (data not shown),
also supporting their specificity (the results for Not MO4 are shown in this
study). Specificity of Hr-Wnt5a MOs was confirmed by rescue experiments
using synthetic Wnt5a mRNA (Figure S1D), and two MOs against Wnt5a that
produced similar results (the results of MO1 is shown). The specificity of
Hr-Lhx3 MO was confirmed by rescue experiments (Figure S1A). All experi-
ments were carried out more than three times using eggs and sperm from
different individuals to confirm the results.
Whole-Mount In Situ Hybridization
Detection of mRNA by whole-mount in situ hybridization (WISH) was carried
out as described previously (Miya et al., 1997). Probes were detected by
a conventional method using BCIP/NBT or Cy3 Tyramide Signal Amplification
Kits (Perkin-Elmer). Detection of probes by BCIP/NBT was carried out as
described previously. Detection of probes by Cy3 Tyramide Signal Amplifica-
tion was carried out as follows. After hybridization and washes, embryos were
incubated in a 1/2000 volume of antidigoxigenin-POD in TNB buffer (0.1 M
Tris-Cl [pH 8.0], 0.15 M NaCl, 0.5% w/v blocking reagent) for 1 hr. Embryos
were washed four times in phosphate buffered saline, 0.1% Tween 20
(PBST). Embryos were washed in TN/0.05% Tween-20, once in TN/0.025%
Tween-20, once in TN, and incubated in a 1/100 volume of Cy3-tyramide in
13 Plus Amplification diluent (Perkin-Elmer) for 10 min. Embryos were washed
five times in PBST and mounted in 80% glycerol or Vectamount (Vector Labo-
ratories). Embryonic nuclei were counterstained using SYTOX green in accor-
dance with the instructions provided by the manufacturer (Invitrogen). SYTOX
green also weakly stains mitochondria, and the signals are shown in Figure 2A
and Figure S2B. All washes and reactions were carried out at room tempera-
ture unless specified otherwise.
Histochemistry and Immunohistochemistry
Histochemical staining for endodermal alkaline phosphatase was carried out
as described previously (Kumano et al., 2006). Alkaline phosphatase activity
was detected using Permanent Red (DAKO) in accordance with the instruc-
tions provided by the manufacturer. Immunohistochemical staining for noto-
chord-specific antigen, Not-1, was carried out as described previously
(Kumano et al., 2006). Staining with a-tubulin antibody was carried out as
described previously (Negishi et al., 2007).
Detection of Mitochondria in Live Embryos
For detection of mitochondria in live embryos, embryos were stained with
DiOC2(3) as described previously (Oka et al., 1999) and observed under a fluo-
rescence microscope.
Microscopy
Confocal images of WISH preparations were obtained using an Axioskop
microscope (Carl Zeiss) equipped with a CSU10 confocal unit (Yokogawa).
Images of WISH signals stained by BCIP/NBT, alkaline phosphatase staining,
Not1 immunodetection signals, and time-lapse videos were obtained using
a BX61 fluorescence microscope (Olympus).
Treatment of Embryos with Nocodazol, Oryzalin, Cytochalasin B,
AG490, and JNK Inhibitors
Treatment with nocodazol or cytochalasin B was carried out as described
previously (Nishikata et al., 1999). Oryzalin (Sigma) was used at 10 mM to depo-
lymerize microtubules. Embryos were treated with AG490 (N-benzyl-3,4-dihy-
droxy-a-cyanocinnamide; Sigma) at 1 mM from the 8-cell stage, and with JNK
inhibitor II (SP600125; 1,9-pyrazoloanthrone; Sigma) at 100 nM from the 2-cell
stage.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and two movies and can be
found with this article online at doi:10.1016/j.devcel.2010.09.003.DevelopmACKNOWLEDGMENTS
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